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E-mail address: nimisha401@yahoo.com (N. SharmSeveral proteins are involved in separation of cells following division. However, their mutual inter-
actions leading to cell separation is complex and not well understood. To explore the protein net-
work that regulates this process at the transcriptional level in Schizosaccharomyces pombe, we
have investigated the role of three proteins Med8, Rpb4 and Ace2. Using genetic and biochemical
approaches we demonstrate that Ace2 binds Med8, which in turn interacts with Rpb4. We have
delineated regions of Med8 and Rpb4 involved in their binding. We show that Med8 carboxyl-termi-
nal region is necessary for its interaction with Rpb4 and can partially complement the sep15-598
mutant. Our results suggest that Med8 mediator subunit is involved in transmitting regulatory
information from Ace2 to RNA polymerase II via Rpb4.
Structured summary:
MINT-7260753:med8 (uniprotkb:O94646) binds (MI:0407) to ace2 (uniprotkb:O14258) by pull down (MI:0096)
MINT-7260782, MINT-7260720: rpb4 (uniprotkb:O74825) physically interacts (MI:0915) with med8 (uni-
protkb:O94646) by two hybrid (MI:0018)
MINT-7260735: rpb4 (uniprotkb:O74825) binds (MI:0407) tomed8 (uniprotkb:O94646) by pull down (MI:0096)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Separation of a single cell into two daughter cells is a tightly
regulated and coordinated event that marks the end of a cell divi-
sion cycle. The ﬁrst mutants showing partial or complete cell sep-
aration defects identiﬁed 11 ‘sep’ genes in Schizosaccharomyces
pombe [1]. The protein encoded by the sep15+ gene is a homolog
of the Saccharomyces cerevisiae Med8 protein [2] and is a constitu-
ent subunit of the head domain of the mediator complex of S. pom-
be [3]. sep15+ gene is essential for cell viability and its temperature
sensitive mutant, med8/sep15-598 (med8ts), shows slow growth,
partial cell separation defects and sensitivity to drugs and ions
[2]. Genomic expression proﬁling of this mutant showed that
Med8 protein is involved in expression of cell separation genes [4].
Our earlier work on Rpb4, the fourth largest subunit of RNA
polymerase II (pol II), demonstrated that S. pombe cells with
reduced expression of rpb4+ are elongated and show ﬁlamentous
growth, with multiple dividing cells remaining attached to eachchemical Societies. Published by E
se transcriptase
a).other. Microarray analysis of these cells revealed defects in tran-
scription of genes involved in cell separation [5]. We found that
the morphology and gene expression signature of cells with low-
ered rpb4+ mRNA levels were similar to those observed in the
med8ts mutant [4,5].
Another gene whose deletion causes severe cell septation de-
fects is ace2+. Ace2 is a zinc ﬁnger transcriptional activator that con-
trols the expression of many cell separation genes in S. pombe [6].
Interestingly, the transcription of ace2+ itself is not affected in either
med8ts cells or cells expressing lower amounts of rpb4+ [4,5].
Here, we have explored the interactions between Med8, Rpb4
and Ace2 proteins in an attempt to gain insights into the mecha-
nism underlying the expression of cell separation genes in S. pombe.
2. Materials and methods
2.1. Bacterial and yeast strains
Escherichia coli strain DH5a was used for cloning, routine main-
tenance and propagation of plasmids. E. coli strain BL21 (DE3) was
used for expression and puriﬁcation of recombinant proteins. S.
cerevisiae strain EGY48 (MATa ura3 his3 trp1 6lexAop-leu2) waslsevier B.V. All rights reserved.
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used to isolate total RNA for cloning genes used in this study. S.
pombe med8ts strain (2-833 sep15-598 leu1-32 ura4-D18 h-) was
used for complementation experiments.
2.2. Reverse transcriptase (RT)-PCR
One micrograms total RNA was reverse transcribed using the
gene-speciﬁc reverse primer and RevertAidTM M-MuLV RT (MBI Fer-
mentas, USA) following the supplier’s protocol. cDNA was then
ampliﬁed using gene-speciﬁc forward and reverse primers and
PCR products thus obtained were used for cloning.
2.3. Cloning
rpb4+ was cloned into NcoI and XhoI digested pEG202; and Bam-
HI and XhoI digested pGEX4T-1 (GE Healthcare, USA). Deletion mu-
tants of rpb4 were generated by PCR and cloned into the NcoI and
XhoI sites of pEG202. med8+ was cloned into the EcoRI and XhoI
sites of pJG4-5; and pET28a (Novagen).med8mutants were created
by PCR and cloned into the EcoRI and XhoI sites of pJG4-5; and XhoI
and BamHI sites of pREP4X. ace2+ was cloned into the XhoI and
BamHI sites of pREP4X; and HindIII and BglII sites of pT7-FLAG-
SBP1 (Sigma). All the constructs were conﬁrmed by sequencing.
2.4. Yeast two-hybrid analysis
The two-hybrid assay was carried out according to standard
protocols [7]. S. cerevisiae strain EGY48 containing the LacZ repor-
ter plasmid (pJK103), was transformed with the desired bait and
prey plasmids using the standard lithium acetate transformation
protocol. Interactions were assessed by monitoring the activity of
the LACZ reporter gene in liquid b-galactosidase assays using
ortho-nitro phenyl-b-D-galactopyranoside (Sigma, USA) as sub-
strate; and also by measuring activation of the LEU2 reporter gene
by observing the colony forming ability of yeast cells plated on
complete minimal medium lacking leucine, histidine, tryptophan
and uracil. The plates were incubated at 30 C for 2–3 days and
then photographed.
2.5. Protein expression and puriﬁcation
BL21(DE3) cultures containing appropriate plasmids were in-
duced with 1 mM IPTG at 30 C for 3 h. Cells were harvested by
centrifugation and processed for protein puriﬁcation. Rpb4 was
puriﬁed as a GST-tagged fusion protein by glutathione-sepharose
afﬁnity chromatography (GE healthcare, USA). Med8 containing a
hexa-Histidine tag was puriﬁed using a Ni2+-conjugated afﬁnity re-
sin following the kit protocol (GE Healthcare, USA). FLAG-tagged
Ace2 protein was puriﬁed using FLAG antibody conjugated agarose
beads (Sigma, USA) as per the supplier’s instructions. All the puri-
ﬁed proteins were checked on a coomassie-stained SDS–PAGE gel
and quantitated using Bradford assay.
2.6. Pull-down assays
GST-tagged Rpb4 or GST alone bound to glutathione-sepharose
beads was incubated with equal amounts of puriﬁed His-tagged
Med8 overnight at 4 C with gentle rocking in NETN buffer
(100 mM NaCl, 20 mM Tris–HCl, pH 8.0, 1 mM EDTA, pH 8.0, 0.2%
NP40). The resin was washed with NETN buffer to remove non-
speciﬁcally bound proteins, followed by boiling in Laemmli sample
buffer. The proteins eluted from the beads were run on an SDS–
PAGE and analyzed by Western blotting. Interaction of Ace2 with
Med8 was ascertained by incubating FLAG-tagged Ace2 protein
bound to the resin with equal amounts of either puriﬁed His-tagged Med8 or an unrelated His-tagged protein in a buffer con-
taining 50 mM HEPES, pH 7.3, 150 mM NaCl, 10% glycerol, 0.1%
tween-20 and 1.5% BSA. The beads were washed in the same buffer
without BSA, boiled in Laemmli sample buffer and then run on an
SDS–PAGE gel, followed by Western blotting.
2.7. Western blotting
Western blotting was carried out using standard protocols,
using anti-His (Santa Cruz, USA), anti-GST (Sigma, USA) or anti-
FLAG (Sigma, USA) primary antibodies and HRP-conjugated anti-
mouse (Santa Cruz, USA) or anti-rabbit (Santa Cruz, USA) second-
ary antibodies.
2.8. S. pombe transformation
med8ts mutant strain was grown in liquid YEL medium (http://
www.rcf.usc.edu/forsburg/media.html). pREP4X vector or med8
mutants cloned in pREP4X were introduced into this strain by elec-
troporation using a Bio-Rad Gene Pulser XCell according to manu-
facturer’s recommendation. The transformants were selected on
EMMA medium (http://www.rcf.usc.edu/forsburg/media.html)
containing leucine and thiamine, after incubating the plates at
30 C for 5–6 days.
2.9. Stress response assays
Different med8ts transformants were grown at 30 C in EMMA
medium with leucine and 5 lg/ml thiamine. Undiluted and serial
dilutions (1/10 and 1/100) of these cultures were then spotted on
EMMA plates containing leucine and supplemented with either
6 mM caffeine or 2 mM zinc. The plates were incubated at 30 C
and then photographed.
2.10. Microscopy
med8ts mutant strain transformed with the appropriate plas-
mids was inoculated at low density in the EMMAmedium contain-
ing leucine and with or without thiamine (5 lg/ml concentration).
These cultures were grown for one day at either 30 C or 35 C.
Cells were stained with calcoﬂour to visualize septa as described
in Johnson et al. [8]. The stained cells were observed and photo-
graphed using an Olympus BH2 microscope at 1.25  100
magniﬁcation.3. Results
3.1. Med8 interacts with Rpb4
To investigate if Med8 could bind Rpb4, med8+ and rpb4+ were
respectively cloned into the yeast two-hybrid activation domain
and DNA binding domain vectors. We then employed a yeast
two-hybrid assay to determine the interaction between these
two proteins by measuring the activity of two different reporter
genes, LEU2 and LACZ. As can be seen in Fig. 1A, transformants
containing rpb4+ along with the vector did not show any growth
on leucine lacking media, while cells co-transformed with rpb4+
and med8+ showed growth, indicating LEU2 gene activation. Sub-
sequently, LACZ gene activity was measured in b-galactosidase as-
says. In agreement with the results of the LEU2 reporter gene
assay, it was observed that co-expression of Med8 and Rpb4 pro-
teins resulted in activation of the LACZ gene; and when med8+
was transformed with the vector alone, no activity of the LACZ re-
porter gene was seen (Fig. 1B). The results of both these assays
showed that Med8 interacts with Rpb4. To further exclude the
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act with an unrelated protein, AtGpcr. No interaction was ob-
served between Rpb4 and AtGpcr proteins in either LEU2
(Fig. 1C) or LACZ reporter gene assays (Fig. 1D), thus conﬁrming
the speciﬁcity of interaction between Med8 and Rpb4. To inde-
pendently conﬁrm the interactions observed in yeast two-hybrid
assay we performed GST pull-down assays, which showed that
His-tagged Med8 speciﬁcally interacted with GST-tagged Rpb4,
whereas no interaction was observed between Med8 and GST
(Fig. 1E).
3.2. The region of Med8 spanning amino acids 107–200 is necessary
for binding Rpb4
To deﬁne the Rpb4 binding site on Med8, we generated two
truncation mutants of med8+: med81–106, containing a deletion of
107–200 amino acids and med8107–200, carrying a truncation of
1–106 amino acids. These mutant fragments were cloned in
the pJG4-5 vector in frame with the B-42 activation domain
and subsequently tested for their ability to bind the rpb4+ bait
plasmid in a yeast two-hybrid assay. The results of the LEU2
reporter assay demonstrated that the med8 mutant containing
amino acids 1–106 did not activate the LEU2 reporter, while
the mutant containing amino acids 107–200 was able to do so
(Fig. 2A). These results were further corroborated by the LACZ
reporter assay (Fig. 2B), thus conﬁrming that truncation ofFig. 1. (A) Binding of Med8 to Rpb4. EGY48 was transformed withmed8+ and either rpb4+
interaction pair at equal density to test their ability to form colonies on media lacking
independent b-galactosidase assays. The average b-galactosidase activity derived for eac
Med8 and AtGpcr proteins, was tested by monitoring the activity of the (C) LEU2 and (D)
His-Med8 in a GST pull-down assay. The bound proteins were eluted, resolved by SD
antibodies.107–200 amino acids of Med8 abolished its interaction with
Rpb4.
3.3. Over-expression of the C-terminal region of Med8 subunit rescues
various phenotypes of the sep15-598 mutant
We next decided to test the ability of the two Med8 subunit
mutants generated in our study to rescue the cell separation
defect of the sep15-598 mutant. Microscopic examination of
sep15-598 mutant cells transformed independently with either
the amino- or carboxyl-terminal fragment of med8+ revealed that
over-expression of only the carboxyl-terminal fragment (107–
200 amino acids) of med8+ partially complemented the cell
separation defect of the med8ts mutant strain (Fig. 3A). Subse-
quently, we also examined the effect of overexpressing the
med8 mutant gene fragments on the caffeine and zinc sensitivity
associated with the sep15-598 point mutation. Our stress
response assays revealed that sep15-598 mutant containing the
vector alone could not grow in the presence of 2 mM zinc or
6 mM caffeine, while sep15-598 mutant cells overexpressing the
C-terminal med8+ fragment showed growth on both the plates,
although the extent of growth was less when compared to the
wild type cells. These observations imply that over-expression
of 107–200 amino acids of Med8 subunit partially rescues the
stress sensitivity of the sep15-598 point mutation (Fig. 3B), while
overexpression of 1–106 amino acids of Med8 protein couldor pEG202. LEU2 reporter gene was assayed by spotting three transformants for each
leucine. (B) Three transformants for each interaction pair were assayed in three
h interaction pair was plotted along with standard deviation. Interaction between
LACZ reporter genes. (E) GST-Rpb4 (lane 1) or GST alone (lane 2) was incubated with
S–PAGE and subsequently analyzed by Western blot using anti-GST and anti-His
Fig. 3. Overexpression of med8107–200 partially complements the med8ts mutation. Either vector or med8107–200 was introduced into the med8ts mutant. (A) Transformants
were grown in the absence of thiamine and stained with calcoﬂour to visualize septa. (B) Transformants were also spotted on EMMA plates containing leucine and
supplemented with either 6 mM caffeine or 2 mM zinc. Wild type strain (med8+) was also spotted as a control. The plates were incubated at 30 C and then photographed.
Fig. 2. Mapping the Rpb4-binding regions of Med8. EGY48 was transformed with rpb4+, and either med8+, truncated mutants of med8+ or pJG4-5. Interaction was assayed by
measuring activation of (A) LEU2 and (B) LACZ reporter genes.
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of the sep15-598 point mutation (data not shown).
3.4. Mapping the region(s) of Rpb4 that are necessary for its
interaction with Med8
Subsequently we used the yeast two-hybrid assay to delineate
the region(s) of Rpb4 that are involved in its interaction with
Med8. Different N- and C-terminal deletion mutants of Rpb4 pro-tein were constructed: N-terminal truncation mutants – rpb436–135
and rpb455–135 contained deletions of 1–35 and 1–54 amino acids,
respectively; while the C-terminal deletion mutants – rpb41–85 and
rpb41–112 contained deletions of 86–135 and 113–135 amino acids,
respectively (Fig. 4A). All these mutant fragments were expressed
as LexA DNA-binding domain fusion proteins, and tested as bait
against the full length Med8 protein expressed in frame with the
B-42 activation domain. The LEU2 assay showed that rpb41–112 mu-
tant lacking the C-terminal 23 amino acids failed to activate the
Fig. 5. Association between Med8 and Ace2. His-Med8 (lane 1) or an unrelated His-
tagged protein (lane 2) was incubated with FLAG-Ace2 in a pull-down assay. Bound
proteins were eluted and analyzed by Western blot using anti-FLAG or anti-His
antibodies.
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two N-terminal mutants showed growth on leucine lacking media.
However, the extent of growth of all these mutants was less than
that observed with the wild type Rpb4. Moreover, the growth of
rpb41–85 mutant was also signiﬁcantly less as compared to the
two N-terminal mutants of Rpb4 (Fig. 4B). To further quantitate
the extent of interaction between various Rpb4 mutants and
Med8, b-galactosidase assays were carried out. It was seen that
the b-galactosidase values obtained after deletion of either 35 or
54 amino acids from the amino-terminal end of Rpb4 were re-
duced to 39% and 47%, respectively, compared to the wild type
Rpb4 protein. No interaction was detected between the C-terminal
mutant, Rpb41–112 and Med8 proteins, while deletion of 86–135
amino acids decreased the b-galactosidase value to 12% of the wild
type Rpb4 protein (Fig. 4C).
3.5. Interaction between Med8 and Ace2
We next sought to determine if Med8 had the ability to associ-
ate with Ace2. Puriﬁed Med8 protein was used in a pull-down
assay against FLAG-tagged Ace2 and the results showed that
Med8 interacted speciﬁcally with Ace2 (Fig. 5).
4. Discussion
Three different components of the transcriptional machinery
have been shown to be involved in expression and regulation of
S. pombe cytokinesis genes: Ace2 is the transcriptional activator
of the cytokinesis genes [6]; Med8 mediator subunit has been pro-
posed to be the co-activator required for the expression of these
genes [4] and Rpb4 subunit of pol II plays a specialized role in cell
separation [5]. However, their precise relationship and possible
interaction(s) were not known. In this paper, we have demon-
strated a direct interaction between Med8 and Rpb4 proteins of
S. pombe, which has not been observed in S. cerevisiae [9]. Our dele-
tion mapping experiments show that 107–200 amino acids ofFig. 4. Delineation of Med8-binding regions of Rpb4. (A) Schematic representation of trun
rpb4 mutants or pEG202. (B) LEU2, and (C) LACZ reporter gene assays were performed aMed8 were sufﬁcient for its interaction with Rpb4 and could also
partially complement the cell separation defect and stress sensitiv-
ity observed in the med8ts mutant. In comparison, the Med8 frag-
ment comprising 1–106 amino acids could neither bind Rpb4 nor
rescue the various defects of med8ts mutant (data not shown).
We also observed that the carboxyl-terminal region of Rpb4 is
indispensable for its interaction with Med8. Our unpublished
in vitro data showed that deletion of amino-terminal regions of
Rpb4 reduced its interaction with Rpb7, while carboxyl-terminal
deletions did not affect its ability to associate with Rpb7. Collec-
tively these results imply that the variable amino-terminal region
of Rpb4 may be the main contact region for binding the Rpb7 sub-
unit, while its conserved carboxyl-terminal regions may partici-
pate in interaction with other components of the pol II
transcriptional machinery, including the mediator, as has also been
proposed by Khazak et al. [10]. In this study we also uncovered a
novel interaction between Med8 and Ace2. In summary, we have
established an interaction network between various components
of the transcriptional machinery involved in expression of cell sep-
aration genes in S. pombe. As some of these proteins are well con-
served across various fungi, similar interactions may occur in othercations generated Rpb4. was co-transformed withmed8+ and either rpb4+, truncated
s described in Fig. 1.
3120 S. Mehta et al. / FEBS Letters 583 (2009) 3115–3120yeasts. Thus, our ﬁndings provide a basis for dissecting this protein
network in different yeasts especially in case of Candida albicans,
whose pathogenicity is related to its transition from a yeast form
to a ﬁlamentous hyphal form.
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